Rat embryo/Cf-252/RBE/Co-60/Malformation
INTRODUCTION
Investigation of teratogenic effects is one of the important subjects in the study of biological effects of radiation. The effects of ionizing radiations have been well established in terms of the developmental anomalies of many systems. Job (1962, 1971) 11, 12) reported the effects of various kinds of radiation on embryonic and fetal development.
However, little is known about the effects of the neutron upon developing mammalian embryos. Okamoto, et al. (1968) 13) conducted a series of experiment in which pregnant Donryu rats were exposed to single whole-body irradiation at doses of 80, 100 or 130 rad from 14.1 MeV fast neutrons on day 7, 8, 9, 10 or 11 of pregnancy and detected a high incidence (84.6%) of malformations in surviving rat embryos exposed to a dose of 130 rad on day 8 of pregnancy. The fission neutron (Cf-252) generator used in our study has a radiation composition approxi mately 70% 2.3 MeV fast neutron and 30% gamma rays. So far, no experiment has yet been reported on the teratogenicity of Cf-252 irradiation. The purpose of this paper was to estimate the RBE of the teratogenicity in rats when exposed in the early period of organogenesis and to provide basic data on the developmental effects of the Cf-252.
MATERIALS AND METHODS
Cf-252 experiment: Male and female Donryu rats (Nippon CLEA) raised to maturity (body weight about 300g) were caged in pairs overnight. Day 0 of pregnancy was considered to start at 10 a.m. in the next morning when sperms were found in the vaginal smears. Each pregnant rat was given a single whole-body irradiation of Cf-252 (dose rate: 1 rad/min.) in a dose of 40, 60, 80, 100, 120, 140, 160 or 180 rad on day 8 or 9 of pregnancy. Pregnant rats were put to death by cervical dislocation on day 18 of pregnancy, the fetuses were removed and microscopic autopsy was performed to ascertain external and internal malformations.
Co-60 experiment: For comparison with the Cf-252 experiment, Co-60 standard gamma rays were applied to pregnant rats on day 8 or 9 of pregnancy at the same dose rate with the same procedures as described above, and the fetuses were examined for developmental malformations.
Control: Non-irradiated females served as controls and fetuses were observed using the same procedures.
RESULTS
Control: Among 327 non-irradiated fetuses, 13 fetuses with malformations (3.9%), were observed: 9 cases of ventricular septal defects, 2 cases of vascular ring and 2 cases of umbilical hernia. Also, among the 327 cases, 14 (4.1%) intrauterine deaths were observed (Table 1) . Intraulerine death and malformation in Cf-252 experiment: The minimum dose to cause 100% of the embryo to die (minimum LD100) was estimated to be 140 rad in the group exposed on day 8, and 120 rad in the group exposed on day 9 (Table 1) .
In both groups irradiated on day 8 and on day 9, the frequencies of intrauterine deaths caused by 20 rad were 22.8% and 14.6% respectively (Table 1) . From the dose-response curves of intrauterine death, the doses to cause 50% of the embryo to die (LD50) were estimated to be 88 rad in the group exposed on day 8 and 70 rad in the group exposed on day 9 ( Fig. 1) . Mal formations were found at a highest frequency in the fetuses exposed to 80 rad on day 8; the frequency of malformed fetuses being 65.4% of total implants and 100% of surviving fetuses Table 2 . Pregnancy status and frequencies of fetuses with malformations in rats irradiated with Co-60 (1 rad/min.) (Table 1 ). When exposed to 80 rad on day 9, the frequency of malformed fetuses was 13.7010 of total implants and 100% of surviving fetuses. In the group exposed on day 9, the malforma tions were produced by 60 rad in 67.3% of total implants and 81.4% of surviving fetuses ( Table  1 ). The malformations were mainly those of the cardiovascular system both in the groups ex posed on day 8 and on day 9 (Table 1 ).
In the malformations of cardiovascular system, ventricular septal defects (83.0%), double aorticarch (5.9%), double outlet right ventricle (5.9%), aberrant right subclavian artery (3.4010), pulmonary hypoplasia (2.5%), coarctation of the aorta (2.5%), right aortic arch (0.8010) and transposition of the great artery (0.8%) were observed. Intrauterine death and malformation in Co-60 experiment: The minimum dose to cause 100% of the embryo to die (minimal LD100) was estimated to be 250 rad both in the groups exposed on day 8 and on day 9 ( Table 2 ). In the groups exposed on day 8 and on day 9, the frequencies of intrauterine deaths caused by 80 rad were 7.5% and 6.0010, respectively ( Table 2 ). The doses to cause 50% of the embryo to die (LD50) were estimated to be 212 rad in the group exposed on day 8 and 220 rad in the group exposed on day 9 (Fig. 1 ). Malformations were found at the highest frequency in the fetuses exposed to 200 rad on day 8; the frequency being 62.2% of total implants and 84.8% of surviving fetuses (Table 2) . Malformations developed at a high frequency in the fetuses when irradiated with 200 rad on day 9; 55.9% of total implants and 92.7% of surviving fetuses ( Table 2) .
The malformations were mainly those of cardiovascular system in both groups. In the mal formations, ventricular septal defects (56.4%), double outlet right ventricle (9.7%), right aortic arch (7.9%), vascular ring (7.6%), coarctation of the aorta (3.8%), persistent A-V canal (3.8%), transposition of the great arteries (3.5%), double aortic arch (2.7%), pulmonary hypoplasia (2.4010) aberrant right subclavian artery (1.4%), aortic hypoplasia (0.3%) and interruption of aortic arch (0.3010) were detected. These results are similar to those of he Cf-252 experiment in terms of type of malformation and sensitive period. Comparison of doses of Cf-252 and Co-60 irradiation which produced intrauterine death and malformations: The estimated LD50 of rat fetuses irradiated on day 8 was 88 rad for Cf-252 and 212 rad for Co-60 experiment, giving 2.4 as RBE of Cf-252. When irradiated on day 9 of pregnancy, the estimated, LD50 was 70 rad for Cf-252 and 220 rad for Co-60 experiment, giving 3.1 as RBE of Cf-252 (Fig. 1 ). Malformations were observed at the highest frequency in the group exposed on day 8 both for Cf-252 and Co-60 experiments, and the teratogenic dose range of Cf-252 irradiation was much lower than that of Co-60 irradiation (Fig. 2) .
In order to estimate the RBE value of teratogenicity of Cf-252 radiation, the elevated part of the curve showing increased frequency of malformed fetuses was modified by the least squares method (Fig. 2) . The dose-response relationship for frequency of malformed fetuses in total implants was expressed by Y = 1.08x + 2.7 in Cf-252 experiment and by Y = 0.3x + 3.4 in Co-60 experiment (Fig. 3) . Thus, the RBE of Cf-252 relative to Co-60, using teratogenic effect as an index, was estimated to be 2.7 at the 20010 level of appearance of malformations, 2.5 at the 30010 level, and 2.4 at the 50% level.
The dose-response relationship for frequency of malformed fetuses in surviving fetuses may be expressed by Y = 1.14x + 0.1 in Cf-252 experiment and by Y = 0.4x 0.9 in Co-60 experi ment. RBE of Cf-252 was 2.5 at the 20010 level of appearance of malformations, 2.4 at the 50010 level and 2.3 at the 80% level (Fig. 3) . 
DISCUSSION
The production of Cf-252 and its extensive use began around 1968. Having a physical half life of 2.65 years, Cf-252 emits fast neutrons with mean energy of 2.3 MeV by disintegration and auto-fission. Although it also emits gamma rays, it has been used as a source of neutrons because the biological effect of its neutron rays is far stronger than its gamma rays. ) 17), using P-338 leukemic cells survival rate, found the RBE of Cf-252 to be 2.7-3.5 at dose rates of 3.3-4.3 rad/min as against Cs-137 at dose rates of 5-6.7 rad/min. Several studies have been made using hamster cell survival (Nias (1974)18) ), in which Cf-252 was applied at dose rates of 0.019-0.36 rad/min to yield an RBE of Cf-252 compared to 3.5-10 for Ra-236
and Cs-137 applied at dose rates of 0.195-1.7 rad/min.
Although Cf-252 and the control gamma rays were not applied at the same dose rates and lengths of time in reports described above, they do provide a rough standard for the RBE of Cf-252. These results moreover show a tendency for RBE of Cf-252 to increase consistently as the dose rate decreases. In this experiment an RBE of Cf-252 was estimated by irradiating more than 20 rad at a dose rate 1 rad/min on day 8 and on day 9 of pregnancy. RBE may vary if the conditions of experiment are changed.
RBE of Cf-252 in many of the reports discussed so far is that from mixed irradiation of neutron and gamma rays. Fairchild et al. (1974) 16) , in seeking the RBE of Cf-252, judged the effectiveness of separating the neutrons and gamma rays by their ratios, and pointed out that the survival curve of the irradiated cells was the sum of the effects from neutron and gamma rays.
If the RBEs of neutron rays of Cf-252 were obtained by calculation, the values would all be higher.
The RBE of Cf-252 for teratogenecity in our present experiment was brought about from mixed irradiation of neutron and gamma rays.
The RBE of Cf-252 for teratogenicity would presumably be higher than the values estimated from our experiment if only neutron rays are considered, as in the case of the effect of Cf-252 exposure on cells survival rates. On the other hand, possible synergism between neutron and gamma rays causing malformations may also be considered. This deserves further study.
